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Abstract
We consider the bimolecular charge carrier recombination in amorphous organic
semiconductors having a special kind of energetic disorder where energy levels for elec-
trons and holes at a given transport site move in the same direction with the variation
of some disorder governing parameter (the parallel disorder). This particular kind of
disorder could be found in materials where the dominant part of the energetic disorder
is provided by the conformational disorder. Contrary to the recently studied case of
electrostatic disorder, the conformational disorder, if spatially correlated, leads to the
increase of the recombination rate constant which becomes greater than the correspond-
ing Langevin rate constant. Probably, organic semiconductors with the dominating
conformational disorder represent the first class of amorphous organic semiconductors
where the recombination rate constant could overcome the Langevin limit.
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1 Introduction
Charge carrier transport in amorphous organic semiconductors, apart from the exceptional
case of pure monopolar transport, is inevitably accompanied by the carrier recombination.
Recombination process could take different forms, here we consider the most universal case
of bimolecular recombination which for the spatially homogeneous distribution of carriers is
described by the second-order kinetics equation
d(n, p)
dt
= −γnp (1)
where n(t), p(t) are the concentration of electrons and holes, correspondingly, and γ is the
rate constant (we assume that the intrinsic concentration of carriers is negligible).
Recombination plays an ambiguous role in organic electronics. Firstly, it provides desired
photons in organic light emitting diodes (OLEDs) but, secondly, it severely limits perfor-
mance of organic photovoltaic (OPV) devices. For this reason the general trend in OPV is to
develop mesoscopically inhomogeneous materials (e.g, as a fine mixture of electron and hole
transporting materials) which provides separate pathways for the carriers with the opposite
signs and severely diminishes recombination.1–7 Contrary to that, in OLEDs it is highly de-
sirable to use materials and structures where the recombination is not strongly suppressed
or, even better, is enhanced.
In amorphous organic semiconductors used in OLEDs the recombination rate constant is
frequently assumed to obey the Langevin relation
γL =
4πe
ε
(µ+ + µ−) (2)
where ε is the dielectric constant of the medium and µ+, µ− are mobilities of holes and
electrons, correspondingly.8 Equation 2 was derived by Paul Langevin very long ago without
any consideration of the disorder effects.
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The very possibility of γ to be approximately equal to γL in mesoscopically homogeneous
amorphous semiconductors is still a matter of some controversy. Computer simulation9–11 as
well as experimental data on OLEDs12–18 suggest that the Langevin result still holds in ho-
mogeneous amorphous semiconductors. At the same time, in our recent paper we suggested a
simple model of the bimolecular recombination in amorphous organic semiconductors which
takes into account strong spatial correlation of the random energy landscape inherent to such
materials.19 Correlation naturally arises in amorphous semiconductors where the significant
part of the total energetic disorder is provided by electrostatic contributions from randomly
located and oriented permanent dipoles and quadrupoles. Our results clearly show that γ
in organic semiconductors having the correlated electrostatic disorder is smaller than the
Langevin rate constant γL, the so called reduction factor ζ = γ/γL < 1, even ζ ≪ 1 for
strong disorder, and the earlier simulations gave an approximate equality γ ≈ γL because
the disorder per se does not break the Langevin relation. Uncorrelated disorder, considered
in refs 9–11, inevitably provides the Langevin rate constant irrespectively to the strength of
the disorder. Even the simulation of the carrier recombination in phase-separated organic
semiconductor blends, though not exactly adherent to our model of the homogeneous ma-
terial, gives the rate constant close to the Langevin one if the domain size is small enough
(≤ 5 nm) and energetic disorder is spatially uncorrelated, again in full agreement with our
conclusion.20,21
Experimental data for ζ give, at the very best, the accuracy no better than one order
of magnitude, so the conclusions in refs 12–18 do not contradict our result. Besides, our
results show that for low magnitude of the energetic disorder (σ ≃ 0.05 − 0.07 eV), typical
for many devices, deviation of γ from γL is not significant. Thus, assumption of γ ≈ γL may
give a reasonable description of some OLED parameters (see, for example, refs 22,23). More
detailed discussion is presented in ref 19.
We carefully studied the recombination of charge carriers in polar amorphous organic
materials where the dominant part of the energetic disorder is provided by permanent dipoles,
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though the most important conclusions are valid for other materials having electrostatic
disorder, e.g. nonpolar organic materials with high concentration of permanent quadrupoles.
Hence, the major conclusion seems to be that the spatially correlated energetic disorder
inevitably leads to the decrease of ζ , and the correlation is the only necessary condition
to observe such behavior. This conclusion is wrong. There is another necessary condition
needed for the reduction of ζ , namely, the specific construction of the electrostatic disorder.
Essentially, this is the spatial disorder in the distribution of the electrostatic potential ϕ(r),
generated by randomly located and oriented dipoles and quadrupoles. Then U(r) = eϕ(r)
becomes the random energy landscape for charge carriers where e is the charge of the partic-
ular carrier, and charges of electrons and holes have the opposite signs. Hence, the inherent
property of this kind of energetic disorder is the opposite landscapes for electrons and holes:
a valley for electrons is a hill for holes. For this reason if, say, an electron is sitting at the
bottom of a well and the hole is approaching, then it is attracted to the electron by the
Coulomb force and at the same time is repulsed by the fluctuating potential which forms
the well and is provided by dipoles and quadrupoles. Inevitably, this additional repulsion
hinders the recombination and this is the reason for the decrease of γ in comparison to γL.
A natural question arises: is it possible to organize a correlated energetic disorder having
the opposite property, i.e. the simbatic spatial variation of random energies of electrons and
holes, where a valley for holes is a valley for electrons, and the same is true for the hills?
Obviously, such disorder should lead to the additional attraction between electrons and holes
and thus to the increase of the recombination rate constant in comparison to the Langevin
value, i.e to ζ > 1. We are going to demonstrate that this situation is indeed possible.
2 Parallel disorder
The disorder we are seeking for should have the behavior shown in Figure 1b, the opposite one
to the electrostatic disorder shown in Figure 1a. Mirrored spatial variation of the energies of
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HOMO and LUMO provides symbatic spatial variation of energies of electrons and holes. In
fact, even electrostatic disorder could arrange the landscape having desired behavior, if the
dominant part of disorder is provided by the polarizability mechanism.24,25 In this case the
random energy is proportional to the charge squared, so the energy profile is approximately
identical for electrons and holes apart from the constant shift ǫLUMO − ǫHOMO. For this
mechanism we should expect rather low rms disorder σ ≃ 0.02− 0.03 eV,24 so the effect on
recombination is not significant and, more important, this particular disorder could be easily
swamped by other contributions not having the desired parallel property.
Recent paper26 indicates that the desired energy landscape could be provided by the con-
formational disorder. The authors performed a careful ab initio modelling of the structure of
three amorphous organic semiconductors α-NPD, TCTA, and Spiro-DPVBi, popular for use
as transport materials in organic electronic devices. They found that in α-NPD and TCTA
the total disorder is mostly of the electrostatic origin, the corresponding contribution of the
electrostatic rms disorder σCoul to the total σ is greater than the conformational contribution
σConf . On the contrary, in Spiro-DPVBi the most important contribution to the fluctuations
of energies ǫHOMO and ǫLUMO comes from the conformational contribution. These energies
strongly depend on the dihedral angle α between fragments of Spiro-DPVBi molecule and
variation of α typically moves ǫHOMO(α) and ǫLUMO(α) in the opposite directions. Scatter
plots of ǫHOMO vs ǫLUMO for some particular sample of the amorphous Spiro-DPVBi demon-
strate the Pearson product-moment correlation coefficient equals to −0.45 (i.e., it is negative,
so the higher is HOMO the lower is LUMO), while for α-NPD and TCTA the corresponding
coefficients are 0.4 and 0.53, again demonstrating the dominance of the electrostatic disor-
der, where HOMO and LUMO levels move in the same direction. Hence, we should expect
that the spatial variation of α for amorphous Spiro-DPVBi naturally provides the profile
resembling presented in Figure 1b, while for α-NPD and TCTA the corresponding profiles
qualitatively follow Figure 1a. We are going to demonstrate that the behavior of the amor-
phous Spiro-DPVBi is not unique and should be expected in a wide class of materials with
6
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Figure 1: a) Spatial profiles of HOMO and LUMO energies of transport sites in amorphous
organic semiconductor where the dominant part of the energetic disorder U(r) is the electro-
static disorder. Crossed arrow indicates the obstacle for the spatial convergence of carriers
due to the disorder. b) The same profiles for the conformational disorder (see explanation
in the text).
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Figure 2: Energy levels of the monomers (HOMO1,2 and LUMO1,2) and dimer molecule (in
the middle).
the dominance of the conformational disorder.
Let us consider a simple model of the formation of dimer molecule from identical aromatic
entities. As the possible example we may use the difluorene molecule, the simplest member
of the vast oligo- and polyfluorene family which provides useful charge transporting materials
for organic electronics. We consider HOMO-LUMO pairs of both fragments and assume that
inter-orbital interaction takes place exclusively in HOMO1-HOMO2 and LUMO1-LUMO2
pairs due to the large HOMO-LUMO gap in the monomer. Then the simplest ZINDO
approach gives the approximate positions of the HOMO and LUMO in the dimer
ǫHOMO = ǫ
0
HOMO + JHOMO, (3)
ǫLUMO = ǫ
0
LUMO − JLUMO, (4)
where ǫ0 is the corresponding energy for monomer and JHOMO,LUMO > 0 are non-diagonal
energy matrix elements, more detailed discussion could be found elsewhere.27 Schematic
picture of the energy levels arrangement is shown in Figure 2. Hence, if JHOMO and JLUMO
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varies in the same direction with the variation of some disorder parameter in the material,
we get precisely the proper mechanism for the realization of the parallel disorder. A natural
mechanism for the variation of J is the angle fluctuation in the dimer molecule, and the
corresponding matrix elements could be approximated as J(α) ≈ J0| cosα|, where α is the
dihedral angle between planes of almost flat fluorene units.28 We have the equilibrium angle
αeq ≈ 45
◦ (or 135◦) in amorphous oligofluorenes.29
A notable effect for the recombination could be expected for σ/kT ≥ 1. In Spiro-DPVBi
for HOMO σConf = 0.103 eV, σtot = 0.122 eV and for LUMO σConf = 0.146 eV, σtot = 0.156
eV.26 Assuming the difluorene-like structure and taking J0 ≃ 0.46 eV, as suggested by Troisi
and Shaw,28 we need fluctuations δα ≃ 8◦ − 17◦ for σ ≃ 0.05 − 0.1 eV; such fluctuations
look reasonable. We may assume also that for molecules having more complicated structure
in comparison to difluorene even smaller angle fluctuations should be sufficient to provide a
noticeable energetic disorder. Construction of the molecule from the non-identical entities
does not provide any significant qualitative difference to our conclusions.
Summarizing, we see that the conformational disorder in the case of two connected aro-
matic fragments should provide quite naturally the landscape with properties required for
the effective bimolecular recombination with enhancement (former reduction) factor ζ > 1.
The case of Spiro-DPVBi, though not exactly follows this model, could be considered as the
first example of the diverse family of organic materials with the dominant conformational
disorder.
3 Analytical evaluation of the enhancement factor: effect
of the spatial correlation
Additional necessary condition for the enhanced recombination is the spatial correlation of
the random energy landscape. In close analogy with the method developed in ref 19 and
assuming the Gaussian density of states, typical for amorphous organic materials,30 we may
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derive the general expression for the recombination rate constant γ.
We calculate the recombination rate constant for the pair of carriers with one of them
sitting in the potential well with the depth −U0 arranged by the random medium fluctuations
and the carrier with the opposite charge approaching. The crucial approximation is the
replacement of the true fluctuating potential energy U(r) of the well by the conditionally
averaged potential −U0C(r) taking into account the condition U(0) = −U0, here C(r) =[
〈U(r)U(0)〉 − 〈U〉2
]
/σ2 is the random energy correlation function normalized in such a way
that C(0) = 1 and angular brackets mean the statistical average. Then we calculate the
macroscopic rate constant γ by averaging the pair rate constant over distribution of depths
using the density of occupied states, see details of the calculation in ref 19.
In fact, the only significant difference with the result of ref 19 is the inversion of the sign
of the term ∝ U0 in Ueff(r) reflecting the transformation of the medium-induced additional
repulsion to attraction
γ =
4πD
(2πσ2)1/2
∞∫
−∞
dU0
4piD
kg
exp [βUeff(R)] + S(R)
exp
[
−
(U0 − Uσ)
2
2σ2
]
(5)
S(r) =
∞∫
r
dz
z2
exp [βUeff(z)] , Ueff(r) = −
e2
εr
− U0C(r) (6)
where D = D+ + D− is the sum of the diffusivities of holes and electrons, β = 1/kT ,
Uσ = βσ
2, R is the radius of sphere where the recombination takes place, and kg is a rate
constant of the quasi-geminate recombination occurring at short distances (in this paper we
limit our consideration to the simplest case of the instant quasi-geminate recombination with
kg → ∞). We assume also the spherical symmetry of the correlation function natural for
the statistically isotropic and uniform random medium.
In many realistic cases the correlation function of the random energy has the exponential
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Figure 3: Increase of the bimolecular recombination rate constant γ in comparison to the
Langevin rate constant γL according to eq 5 for the case of instant quasi-geminate recombi-
nation and stretched exponential correlation function eq 7 for two temperatures, 150K and
300K (indicated near the corresponding curves). Solid, broken, and dotted lines show the
behavior for n equals to 1, 0.7, and 0.5, correspondingly. For other relevant parameters the
typical values R = 1 nm, ε = 3, and σ = 0.1 eV have been used.
form. Here we calculate γ for a more general case of the stretched exponential correlation
C(r) = exp [− (r/l)n] (7)
where l is the correlation length of the random energy landscape. General behavior of ζ for
this correlation function is shown in Figure 3.
We can provide the simple analytical estimation for ζ in the limit case l ≫ R. For the
typical situation we may assume that the lower limit in the integral for S(R) is, in fact,
equal to 0. Then the corresponding factor S(R) does not depend on R and could be written
as the integral
S =
1
ROns
∞∫
0
dp exp [−G(p)] (8)
G(p) = p+ yyσ exp [−(p0/p)
n] (9)
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where y = U0/σ, yσ = σ/kT , p0 = ROns/l, and ROns = e2/εkT is the Onsager radius.
Asymptotics of G(p) are
G(p) =


p, p≪ p0
p+ yyσ, p≫ p0
(10)
we assume here that y > 0 and y ≃ yσ (this means that we effectively carried out the
integration over U0). For the rough estimation of S let us substitute the exact G(p) with
the asymptotic form eq 10, assuming a sharp transition between two asymptotics at p = pc,
and pc could be estimated from the relation
pc ≃ y
2
σ exp [−(p0/pc)
n] (11)
For p0/y2σ ≪ 1 the leading asymptotics of the solution is
pc ≃
p0[
ln
(
y2
σ
p0
)]1/n (12)
and our approximation gives for S
S ≃
1
ROns
[
1− exp(−pc) + exp(−y
2
σ − pc)
]
(13)
Now if pc ≪ 1 but pc ≫ exp(−y2σ), then
γ ≃
4πDROns
pc
(14)
and
ζ =
γ
γL
≃
1
pc
≃
l
ROns
{
ln
[( σ
kT
)2 l
ROns
]}1/n
(15)
(assuming the validity of the Einstein relation µ± = eD±/kT ). We see that ζ grows approx-
imately linearly with l for any n, apart from the insignificant logarithmic factor, in good
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Figure 4: Random energy correlation functions for electrons (solid dots) and holes (empty
circles) for amorphous Spiro-DPVBi, data are borrowed from Figure 2 in ref 26. Straight
lines show best fits for the equation C(r) ∝ exp(−r/l); correlation lengths for electrons and
holes are shown.
agreement with Figure 3, and the slope is in good agreement with the numerical calculation,
too. Moreover, eq 15 gives
∂ζ
∂T
≃
ζ
T
[
1−
1
n ln(T0/T )
]
(16)
where T0 = lεσ2/ke2 (for σ = 0.1 eV, ε = 3, and l = 3 nm T0 = 725K), and we see that
while T < T0 there is a tendency of the derivative becomes negative with the decrease of n,
again in the full agreement with Figure 3.
Simulation of the amorphous Spiro-DPVBi gives a spatially correlated energy landscape,
having approximately exponential correlation functions for HOMO and LUMO (Figure 4).
Correlation lengths for electrons and holes are different. Probably, the significant part of
the difference could be attributed to a very limited accuracy of the data, especially for the
electrons. These lengths are comparable to the nearest neighbor distance in Spiro-DPVBi
and, probably, do not lead to the noticeable increase of ζ . Reliable experimental information
on γ in amorphous Spiro-DPVBi is still absent, device simulation is usually based on the
assumption of the Langevin rate constant.31
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May we expect a larger correlation length in some amorphous organic semiconductors?
If yes, what kind of organic semiconductors with dominated conformational disorder is fa-
vorable for the development of the correlated landscape?
4 Which amorphous organic semiconductors are favor-
able for the development of the enhanced bimolecular
recombination?
Two necessary conditions for the realization of the enhancement mechanism in mesoscopically
homogeneous amorphous semiconductors are: first, the proper type of the disorder, i.e. the
parallel disorder, and, second, sufficiently strong spatial correlations.
As we see, in the particular case of the amorphous Spiro-DPVBi the proper type of
the energetic landscape is provided by the conformational mechanism and our consideration
indicates that the mechanism should be a common one. Nonetheless, by no means we may
assume that the conformational disorder in all cases provides the proper parallel structure
of the energy landscape. Yet we may certainly suggest that the electrostatic contribution to
the energetic disorder must be excluded as fully as possible. The simplest way to achieve
such goal is to avoid atoms other than C and H in the molecule of the transport material.
This is exactly the case for Spiro-DPVBi, its molecule contains neither N nor O atoms, and
no halogen atoms as well. At the very least, the number of such atoms should be kept
minimal. Spacious structure, again resembling the structure of Spiro-DPVBi, is favorable
for the realisation of the high conformational σ.
The very possibility to achieve large correlation length is more problematic. As we
already noted, in Spiro-DPVBi the correlation length, according to the simulation, is prob-
ably not large enough to provide a noticeable increase of ζ . It is natural to suggest liquid
crystalline semiconductors32–36 as promising materials for realization of high−ζ materials.
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Despite the very organized nature of liquid crystalline semiconductors it was found that the
disorder effects are still very important.37 Orientational correlation length in the glassy liq-
uid crystalline materials (LCMs) below the glass temperature is rather large, we may expect
l ≃ 20− 25Å38 or even greater, up to few hundred angstroms.39 As it was mentioned before,
promising molecules for high−ζ semiconductors should contain the minimal amount of polar
groups, absolutely none in the ideal case, and this is a very strict limitation for the typical
LCMs. Nonetheless, fluorine containing LCMs could be suitable for the high-ζ semiconduc-
tors due to their low and highly isotropic polarity,40–43 and the true carbon-hydrogen LCMs
do exist, though they are not very typical.44 We may also mention the macrocyclic aromatic
hydrocarbons, again containing only C and H atoms, demonstrating efficient bipolar charge
transport, and perfectly capable to large scale ordering.45
We briefly indicate here more exotic possibilities related to the formation of the amor-
phous organic semiconductors from the super-cooled liquids, where the existence of long-
range correlations is commonly accepted, be it the so-called "Fischer clusters"46,47 or corre-
lation leading to the formation of the unusual amorphous "glacial phase";48,49 such correla-
tions certainly should survive in the amorphous solid state. At the moment it is not clear
how to manufacture organic semiconductor devices using these materials and techniques.
5 Conclusions
We calculate the rate constant of the bimolecular charge carrier recombination in amorphous
organic semiconductors for the specific case of energetic disorder dominated by the conforma-
tional contribution. It was found previously that the conformational contribution is capable
to organize the situation where HOMO and LUMO levels of transport molecules fluctuate in
the opposite directions,26 thus providing the disorder where an additional attraction between
electrons and holes takes place, enhancing the recombination.
Consideration of the dimer model shows that the conformational parallel disorder should
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be quite common in amorphous semiconductors built of C and H atoms, and Spiro-DPVBi
is, probably, just the first example of the large class of organic transport materials. We
suggest that liquid crystalline organic semiconductors may be very promising materials for
the formation of the correlated parallel disorder and emergence of the enhanced bimolecular
recombination. Even modest increase in γ with all other factors being the same could
provide the comparable increase in the device efficiency for OLEDs. The importance of this
possibility is difficult to overestimate.
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